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FOREWORD

This document is the final report for Contract NAS8-26554,

""Mass Transport Contamination Study," Modification 1. The study

was performed by personnel of the Lockheed-Huntsville Research
& Engineering Center for the Space Sciences Laboratory of NASA -

Marshall Space Flight Center. The NASA technical monitor for
the study was Mr. E. E. Klingman, S&E-SSL.-PM.
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Section 1
IN''RODUCTION AND SUMMARY

This contract was modified on 13 April 1972 to include an extended work
statement and period of performance through 13 January 1973. This final
report documents results achieved during this extended effort. The additional
effort consisted of two tasks, each of which has been separately documented in
Lockheed technical reports that are appended to this report. The two tasks
are described as: (1) "' Backflow of Outgas Contamination onto Orbiting Space-
craft as a Result of Intermolecular Collisions," and (2) "Particle Cloud Buildup
Due to Waste Dumping from Orbiting Spacecraft." Both of these tasks deal with

aspects of spacecraft contamination in orbit.

Spacecraft contamination is a matter of current and vital interest in the
design of thermal control surfaces, solar panels and experiment and instru-
mentation packages for use aboard earth-orbiting vehicles. Contamination
sources include liquid waste dumnps, reaction motor firings and material out-
gassing. The two tasks performed under this contract modification provide
analytical techniques with which quantitative estimates can be made of certain

specific contamination threats.

Some of the outgas products flowing away from a spacecraft wiil be de-

flected back onto the spacecraft as a result of inte rmolecular collisions. This

P

is particularly true with respect to collisions with ambient atmospheric mole-
cules. Under Task 1, analytical techniques were developed to predict the amount
of mass that will return. For the Skylab spacecraft, it was estimated that on

the order of 1 cr 2% of the outgas products will return to the spacecraft as a

result of intermolecular collisions.

Mass dumped overboard frem liqu:d waste dumps will leave the space-

craft and go into orbit about the central body (Earth, Moon, etc.) in much the

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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same fashion as the spacecraft. The effect of continuing waste dumps is to
create a particle cloud in orbit that continuously expands along the spacecraft
orbit. Some of this mass will return to the spacecraft at points where the
particle orbits intersect the spacecraft orbit. It was estimated for the Skylab
spacecraft, neglecting aerodynamic drag, that a particle cloud will extend, on
both sides of the spacecraft, about 36 km in the radial direction, 9 km in the
i out-of-plane direction and will expand along the spacecraft orbit at the rate of
}- 168 km for each spacecraft orbit. Aerodynamic drag will cause the particle

cloud to spiral inward toward the central body. Again neglecting aerodynamic

oA s

drag, the estimated amount of return mass flow was found to be about of the
same order as a typical spacecraft material outgas rate. When aerodynamic

drag was considered, it was found that particle collisions with the spacecrait

a’-.«-u

were impossible, and the return mass flow rate was, therefore, zero. The
i predicted light scattering properties of the optical cloud were found to be
nearly identical with those predicted for an isotropic source, with some in-

tensification in directions aiong the spacecraft orbit.
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Section 2

DISCUSSION AND CONCLUDING REMARKS

The results of the Task 1 effort, '"Backflow of Outgas Contamination
onto Orbiting Spacecrait as a Result of Intermolecular Collisions,'" is docu-
mented in Ref. 1 and is inciuded in this iinal report as Appendix A. As pointed
out in Appendix A, the treatment of backscattering due to collisions between
outilow molecules and atmospheric molecules 1s cousidered to be fairly
rigorous. The treatmeant involving collisions betwecn individual outgas mole-
cules, however, is based on somewhat extreme simplifications. Although the
backflow due to self-scattering was found to be s nall f>r the Skyleb spacecrait,

future applications might make worthwhile an effort to develop a more rigorous

treatment.

The second task, "Particie Cloud Buildup Due to Waste Dumping from
Orbiting Spacecraft," is documented in Ref. 2 and is inciuded in this final report

as Appendix B. There are a number of areas where this study might be expanded.

In the calculations of the particle cloud buildup, it was assumed that the expulsion

rate was continuous and uniformly distributed in all directions. It was further

assumed that the particle size and velocity distributions were uniform and constant

with respect to time. A worthwhile future effort would be to remove some of these

restrictions and also to consider the leng-term interaction and thermal equilibrium

of these particles with the ambient atmosphere.
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FOREWORD

This interim report documents the results accomplished
during performance of Task A of Contract NAS8-26554, '"Mass
Transport Contamination Stucly,' Modification 1, The work was
performed by personnel in the Aeromechanics Department of
the Lockheed-Huntsville Research & Engineering Center under
Contraci to NASA -Marshall Space Flight Center, The MSrC
technical monitor for the contract is E,E, Klingman, S&E-
SSL-PM,
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Section !}

INTRODUCTION AND SUMMARY

Orbiting space vehicles lose mass to the ambient environment as a re-
sult of outgassing cf spacecraft materials, dumping of waste products and
firing of attitude control reactior. mctors. Some of the lost mass will return
fo the vehicle, where even very small amounts may significantly cloud space-
craft windows, contaminate experiment packages or otherwise interfere with

spacecraft operations,

In the highly rarefiec environment at orbital altitudes, backscattering
due to intermolecular collisions will be a primary mode by which cutgas
products will be deflected back onto the vehicle, The intermolecular collisions
will be of two distinct types, First, they will occur between the outflowing
molecules and the ambient atmospheric molecules, The stream of ambient
atmospheric molecules will be highly energetic, corresponding to the orbital
velocity of the spacecraft, Intermolecular collisions of this type will conse-
quently tend to strongly deflect the outflowing molecules in the direction of the
ambient freestream. Second, intermolecular collisions will occur between
individual outflowing molecules because o’ differences in velocity (including

direction) of the individual molecules,

To provide -.n indication of the amount of backflow to be expected, a
theoretical analysis was perfcrmed based un the following simplifying assump-
tions., The spacecraft was assumed to be spherical in shape with the mass
flow emitting uniformly over the spherical surface at a constant rate and in a
I’ T.ambertian spatial distribution, The outflow gases were assumed to be
neutrally charged and of 2 single species with a molecular weight character -

istic of a compousite cf the actual species involved in the mass fiow,

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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The theorectical analysis showed that, for outgassing only, less than 1.5%
of the outgas products will return to the Skylab spacecraft as a result of inter-
molecular collisions. When the total mass flow from the spacecraft, including
waste dumps, reaction control motor firings, etc,, was considered, it was esti-
mated that about 30% will return to the spacecraft, The latter result is based

on certain rather extreme simplifying assumptions,
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Section 2

METHOD OF APPRCACH AND DERIVATION OF EQUATIONS 1
|
1
i

2.1 METHOD OF APPROACH

The highly rarefied environment under consideration is such that the
H flow may be considered to be "nearly free molecular." In this flow regime,

RS the mean free-path between intermolecular collisions is large compared to

typical spacecraft dimensions, yet small enough to cause significant departure
from free molecular flow, The fact that the flow regime is indeed nearly free

molecular will be shown later for the Skylab spacecraft.

In this flow regime, the 'first-collision' model approach of Baker and
Charwat (Ref, 1) is appropriate, Each molecule is considered to undergo a
maximum of one intermolecular collision prior to colliding with a surface, or
between two successive collisions with a surface, In the present applications,
- this allows two classes of collisions to be considered: (1) between an outflowing

molecule and an ambient atmospheric molecule, neither of which has undergone

previous collisions; and (2) between two outflowing molecules which have not

experienced prior collisions, Collisions between ambient atmosplhieric mole-

% cules are neglected altogether since the frequency of such collisions is ex- [
- tremely small compared to that of the other two classes of collisions, Actually,
! Baker and Charwat considered onlv class (1) collisions, Since it is difficult to
show that class (2) collisions are in fact negligible (Ref. 2), they will be con-
l sidered in this analysis by using certain simplifying assumptions,

The first-collision approach considers the molecul=s to be smooth, hard
elastic spheres of some finite diameter, Inthe present analysis, the diameter
is made flexible depending on the relative velocity petween collisicas to account

for realistic temperature variations in viscosity,

2-1
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2.2 DERIVATION OF EQUATIONS

It is necessary first to determine the collision rate per unit volume that

occurs in the region surrounding the sphere, Next, a determination is made

of the number of colliding outflow molecules in an element of volume which are

deflected back in the direction of a given point on the surface. The total back-

flow flux at the given point is then determined by integrating over the half space
outward from the point on the surface, This is described separately for the two

classes of collisions in the following paragraphs.
2.2.1 Scattering by Ambient Atmospheric Molecules

Consider the geometrical representation shown in Fig. 1. The point on
the sphere surface at which the backflow flux is to be calculated is designated
Q, while a point in the field surrounding the sphere which is a source of back-

scattered molecules is designated P, For convenience Q is considered to be

in the ;: 7 plane, where_f _J\ and E are unit vectors in thz direction of corre-
sponding rectangular coordinates with 1 pointing in the negative chrectxon of
the ambient flow, The angle ¢ is the 1at1tudma1 displacement from the T
axis. In the primed couordinate system, T is in the direction of the radius
passing through Q, -_; is in the ?, T plane and ¥ is in the & direction. ¢’ and
9’ are polar coordinates about the 17 axis. Finally, r is the distance {rom the

sphere center out to P, while r’ is the distance from Q to P.

1 The collision rate per unit volume, n, in the fisld surrounding the sphere
1

is given by:

-— —
1 h =n n |V -v|o (1)
e oc o0 e € =00

where n_ is the density field of outflow molecules, a_ 18 the density of the

-
ambient atmosphere, Voo is the ambient flow velocity, Ve is the velocity oz
the outflow molecules and o © is the cross section for collisions cetween

the outflow mol:cules and the ambient atmospheric molecules,

2-2
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Fig. 1 - Geometrical Representation of Scattaring by Amb:=nt
Atmospheric Molecules

2-3
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The density field n, of outflowing molecules at P is determined by

qwd
ne:f—v——#l (2)
w

1Y)

where 9y is the outflow flux at the sphere surface, VW is the mean velocity
of the outflow molecules and the integration is over the solid angle w sub-
tended by the sphere at P, We assume here that the variation in the density
field is due entirely to the diverging flow away from the sphere, and that
attenuation due to collisions may be neglected, This assumption is justified
by the mean free-path being much larger than the sphere radius, as is shown

later for the Skylab spacecraft,
Carrying out the integration in Eq. (2) yields

wr -Nr~ -R (3)

VRN

v |o
el "e-0 r - ¥r~” - R (4)

Next, the directional distribution must be determined of scattering of ;
those outflow molecules undergoing collisions in an element of volume ai P.
To do this, the velocity of the outflow molecules is assumed to be negligible
compared to the velocity of the ambient atmospheric molecules, The outflow
molecules may then be considered stationary with respect to the sphere, Con-
side: the hard sphere collision shown schematically in Fig, 2, For all collisions
in which the line of centers is in the solid angle element dw, the stationary mole -
cule will be deflected into dw on the opposite side of the stationary molecule,
The probability de of the line of centers lying in dw is given by the amount

of sphere surface contained in cw projected in the direction of flow ratioed to

2-4
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Ambient Atmorpheric Molecule
e P

B s §

Stationary Outflow

: Molecule
i
g \z 3
[ Fig. 2 - Schematic of Hard Sphere Collision
| P J
|
i e
t dw ;
‘ Qa
| v P )
0
>
1
i

Fig. 3 - Diagram for Scattered Flux Due to Collisions

|
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the sphere cross section:

2
dP = i—%cosa = Co52 4, (5)
T a

Now, referring to Fig, 3, the flux dqb is found of scattered outflow
molecules from collisions in volume element dV at P and crossing surface
element dA at Q. Surface element dA is oriented at angle B to the line join-

ing P and Q, and Q is at a distance r’from P,

’ cosQ
d ndv dw h coso cosP
q, = cosf} = ———— dav (6)
b ’2 12
r dw Tr

Referring again to Fig. 1, the flux dqb of backscattered outflow mole-
cules at Q is

2 U P voo O - f cosa cos@ <r - J:Z - R2> dv (7

v 2
T Vw r’

qb =
where the volumetric integral is carried out over the portion of the half space
outward from dA at Q which is also forward of G in the negative direction of
the external flow (recall from Fig, 2 that molecules are scattered only in the

forward direction),

Before Eq. (7) is evaluated for arbitrary ¢, the integration is performed

at ¢ =0 and at ¢ =7/2.

7/2 0
q 4n V o , , _\’ 2 .2 ,
b, o - 00 00 e—oo/ C082¢ Si.n¢ f ({__.E.....—B—) dr'd¢ (8)
q v r
w W b
(o]

The radial distance r under the r’ integral sign is a function of r’ and ¢’
as follows

2 ' 2,1/2
r = (R +2cos¢ r" R +r'") 9)

2-6
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The difficulty of performing the integration is lessened greatly by approxi -
mating the expression under the r’ integral sign by the following simpler

expression:

(10)

r-qu-Rz-»l(R__z R_6>

r
The close agreement between the two expressions is shown in Fig, 4,

Equation (8) now becomes

Ke]
o
o]
H
oJ
=
<
Q
o
1
8
<
0O
[@]
w
(s8]
et
m
0
=]
.

00 o0

dr’ 47’ )
-/ l1+2cos¢’ T +?'2 i f a1
o

23
5 (1 +2cosd’ T'+7 )

]

where ¥ = r’'/R. The group of constant factors preceding the integral signs
may be rearranged and expressed in terms of certain dimensionlese param-

eters widely used in rarefied gas dynamics:

2n V o R S, o »
© © e-»® - 4T P _em (12) '
v 2 Kn o '
w 0

where Sb is the ambient velocity ratioed to the most probable thermal velocity
of the outflow molecules at the surface temperature, Kn is the ambient mean
free-path ratioed to the sphere radius, and oe_m/aoo is the cross section for
collisions between outflow molecules and ambient atmospheric molecules
ratioed to the cross section for collisions between individual ambient atmos-

pheric molecules,
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Fig. 4 - Approximate Expression Rz/r2 + Ré’/r6 Compared to Exact
| Expression 2(r - qrz - R%)/r
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i The integréls over T in Eq. (11) are given as follows:

o 1} ’
; dr )
{ = . 7 (13)
‘ cf 1+2cosé¢ 'i""-l-?'z sin¢
i o
[

e ini A

s (1 +2cosd T+ ?,2)3 8 sin5¢' 4 sin®¢’ 8 sin¢’

Equation (11} now becomes: .

r /2 /2
i q S, o ' 2,

b, 0 |,l b "e-x ’ 2.0 440 3 ¢ cos ¢ ’

[ B-d - — e—— —_—

q " Y2 Kn o / ¢ cos”¢ d¢ *3 .4'd¢
{ w 0 sin ¢
| ° °

r/2 7/2
3 3,
! 1 E.M a¢ - 3 cos” ¢ a¢’
! 4 sing 8 . 3¢'
3 3 sin

= T 48 2 Kn o
o0

For ¢ = n/2, making use of the results of Eqs, (10) and (12) through (14),
Eq. (7) becomes:

n/2 /2 %

atiamett MMM  Seewaner

q S, o !
br/2 _ 1 —% £ / cos® def sin¢’'cos¢’ s
qw V27r ooo 3 i
0 ;
[ ,
2 x !¢'+-3- ¢ lcosg’ 3 .casd} g4 . ":"JE‘ b lew (g
: ll 8 sin4¢.' 4 sing’ 8 sin3¢’ 3 2 Kn o,
or
1 q
| br/2 . 15 = 0.3471 17
9,0 2(37° - 8)
2-9
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For general ¢, the integration of Eq. (7) becomes much more tedius, The

angle a is expressed in terms of ¢, ¢’ and 8 as follows:
a = cos~l (cos$ cos¢’- sing sin(ﬁ' cos8’) (18)

Recall that the volumetric integral in Eq, (7) is carried out over the portion of

the half space forward of Q in the negative direction of the external flow. This

is equivalent to requiring that 0 < a <g/2. For 0< ¢§1r/2, Eq. (7) becomes:
T -¢ T

9 1 Sp O

2
b € -0 ’ . . , , ,
q Kn o f f (cos$ cosd - sing sin¢’ cos®’) cosé
w V2r 0 | S

Performing the integrations over 8 reduces Eq, (.9) to:

a4 1 S ©

-0

i - Kn
U Vor %%

n

/2
x {qycos¢ / cosz¢' (¢'+-38- Q4
o

sin ¢’

3

-1 1 2. '
cos m—{m,cos ¢ (¢ +

2-10
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T/2
+ cos¢ f Jtan2¢ tanz¢'- 1 cosz¢' (¢'+% ¢4 -% ?;g, 2 cosﬁ)dfb (20)
J sin ¢ sin ¢
5-¢

The first integral in Eq, 20) is identical to the integral in Eq, (15):

”/2 ’ 14 2
27 (. 3 _ ¢ 1 cosg _3_cosd_' s 3r” -8 ,
/ °°S¢(¢+s G dsing 8 .3’>d‘p = 48 (21)
sin ¢ sin” ¢

(o]

After some 2igebraic manipulation is performed, and expressing in terms of

the flux at ¢ = 0, Eq. (20) then becomes:

a N & ‘/ alE - ¢ tan& - ¢) _jtanE-4)]
= {cos¢ +t— sin¢ - 2 - tan¢ co8 —an¢

%, 0 7 (3" - 8) tan" ¢ _Jl
Ty
.t vl 03¢ 1 (.osQ 3 cosd .
x sin¢ cos¢ (¢ + = Q) (22)
8 s.n ¢ "4 sind sin ¢)

To allow integration in closed form, the first factor under the integral

sign is approximated as follows:

‘[ tanz(-§-¢’) tan(3 - ¢') _ tanG- )

cOs

tan2¢ tang tan
2. !
- tan(-—-¢ ) tan (E- $)
=1 %——;—n —+ G- ) — (e2)
tan" ¢

The approximation was obtained by fitting the quadratic equation Lo maic’

end points at x = tan(%- ¢')/tan¢’ =0 and 1 and the first derivative at x = 0,

2-11
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Very close agreement between the exact and approximate expressions is shown

in the comparison in Fig, 5.

Eyuation (22) may now be expressed as follows:

| e
| I
qb = { cos¢ +——4-28—— sing¢ sing cos¢’
} b, 0 x(3x” - 8) l
2 L-. ~-¢
i (; 3 ¢ 1l cos¢ 3 cosﬁ') ’
H X ¢ +— - d¢
‘ 8 in4¢' 4 sing 88:‘“34"
’/Z ’ ’ 14
1. 2y [y, 3_¢ _ Lcosy’ 3 cosg) .y
Z(_08¢./- C°5¢(¢+8.4,—45in¢' 8 3:d¢
sin ¢ sin” ¢
L
¢ ) x/2 .
, ’ ’ [
’ 3 ,
R O A AU e - A e A
sin ¢ sin
Z.¢
2

The first integral is seen to be identical to the integral in Eq. (16) for

¢ = #/2, while the other two integrals drop out due to the cos¢ factors, Also,

all three integrals drop out at ¢ = 0 due to the identity of the limits of inte-

grations, leaving the first term equal to unity, At ¢ = 0 and 7/2, therefure,

! Eq. (24) reduces to the previous results for those particular points,

Carrying out the integrations in Eq. (24) yields:

A, < 48 ‘sinQ [x .2
= {cos¢ + Z-¢)sin"¢ + ¢
%, o 0r2-8) | & L?

-1 gin2¢ +% & tanZ¢ - —-97- ] :anm:] ;

8 cos

2-12 |
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\’l 2 -1
~-X -xcos 'Xx

L -n/zx+ & - 1)«

Fig. 5 - Approximate Expression | -

Zrz-x + (-% - 1) xZ Compared to Exact
Expression Jl - x% - x cos x

2-13
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¢ - (—-¢) sin2¢ - ¢ = sin ¢+ tan ¢((—-~¢)tan¢ -1)—‘!

M=

(- -1)———%\3 (3(-7L-¢)tan4¢ - 3tan3¢ + tan¢

. N
+ 2 sin2¢ - 5¢) l-—- - ¢) lncosé --é- Zrz-- ¢) sin ¢ [ lncosx dx‘,§> (25)

r__

There remains now only the task of evaluating the integral of the lncosx.

To accomplish this, lncosx is approximated as follows:

T _x 2
-~ 2
inCcoex = ln(2 v >+-2—x - ; x“ (26)

r
2

This expression was obtained by matching the end point values and the first and
sccond derivatives at x = 0, and requiring the limit of the ratio of the two ex-
pressions to approach unity as x —= r/2. Good agrecment is shown in the

comparison of the two expressions in Fig, 6. Performing the integral yiclds:

¢ - ; 2
L ' 2 P
eosx dx = Li-Zo ta(i-2¢) +2¢ + 2o 56 27,
2 T T T, 6 2
L - T

(%)

Combining this result with Eq. (25) yields tee firai result tor 0 < ¢ < r/2:

q 4 [ r
b <cos¢ + 28 “; \% ¢) sin o + ¢
% o r3n - 8) ‘ -

»

L sin2o + 3 (%'-tanzc,‘) - 9 - tang)
8 g 2 2
cos ¢ _
- %cosq) ¢ - (Zé. - ) sin2¢ - C‘Z -3 sinZ(;

-

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

L 21




LMSC-HREC D306000

. T T
~ | i
| ; il
" e
IR
W i
B T
I bttt
- 444 b
ot N
i et b by
idds A.T‘J bt
, tryr sH{E e e
] B (B hHaE:
1 el
: WI rir
T

- Incosx

‘8

Fu

3‘]’/

Peaedda g
evididery

Se/16

4

x/

t+

+
;1 g
A

AR A

14 beetrd
eeadl

ceteebaet
cvirey b
..11:.

B R Ean e

3x/16

+ +
P

I B |

ced et

e

8

[REODIDS
tereeearid
cheodbeigs
P 4

+ov it i

*/

il

bdadaigy

x/16

-~

b v

$ob gt

yhee g b e

it

et g s
H

SRRV

i

X802Uy -

2-15

.

Fig. 6 - Comparison of Approximate and Exact Expressions for lncosx




[UPArEY

B v d

'
1

LMSC-HREC D306000

U 2
+~é—tan2¢ ((_72[ - ¢) tan¢ - l) l + (-725 -1 cos !——— (3(E - ¢) tan4¢ -3 tan3¢ + tan¢

1
—l sin L32 2

+2 sin2¢ - 5d>) - (@ - ¢) lncos¢ -3 & - &) sin’ +Z ((l-%‘b)ln(l 2g) 42 ¢)

= ¢3:} > (28)

2
¢2+1T =
or

N |-

For n/2 < ¢ < m, Eq. (7) becomes

q_ti - 1 _S_b_ Ge-oo
w ‘f—er Kn o
/2 , )
; -1 1 2 r.3 ¢ lcog@'_}‘_costﬁ '
x {-cosy ’ cos cany tand’ cos” ¢ (¢ + 8 sin4¢’ "3 sing’ 8 sin3¢' d¢;’ .
r/2-
7/2
’ 2 ! 2.0(7,3 ¢ 1 cosd 3 cos¢ '
+coswj ﬁan Ytand -1 cos qb((b-l--g 1, Zsind 8 . 3’)d¢ (29)
a/2-U sin ¢ sin” ¢

where Y= 7 -¢ . Comparing Eq. (29) to Eq. (20) reveals the two equations to
be identical except for the absence in Eq, (29) of the first integral in Eg, (20),
and the substitution of 7 - ¢ for ¢. The results obtained for 0 < ¢ < w/2 can

be used, therefore, to obtain resu'ts for /2 < ¢ <r:

qui - qb) ”'¢
qb,o qb,o

- cos(r-9) :30)

Note that the resuits for ¢ > w/2 ignore the absence of scattering ta

the '"shadowed' volume behind the sphere. This is oi no rcal consequ.nce,

2-16
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however, since, as is shown in the following paragraph, the calculated back-

scatter flux rapidly decreases as ¢ increases beyond /2.

The variation in backscatter flux with ¢, as determined from Egs. (17),

i (28) and (30), is given in tabular form in Table 1, and graphically in Fig. 7.

; Table 1

VARIATION OF BACKSCATTER FLUX WITh ANGULAR DISPLACEMENT
ON SPHERE (INTERACTION WITH AMBIENT ATMOSPHERE ONLY)

-
¢ ¢
a,./4 q,/9
(deg) b’ *b, 0 (deg) b/ *b, 0

5 .9963 95 .3049

10 .9857 100 .2655

15 .9689 105 .2287
20 .9466 110 .1945
25 .9193 115 .1630
30 .8877 120 1342
35 .8522 125 .1081
40 .8134 130 .0849
45 L7717 135 .0646
50 .7276 140 .0474

55 .6816 145 U331
60 .6341 150 .0217 ,
65 .5856 155 ' .0130
70 .5365 160 | .0070
75 .4875 165 ' .0030
80 .4391 170 .0009
85 .3920 175 L .0002
90 3471 180 -0-
1

|
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Variation of Backscatter Flux with Angular Displaceme it or Sirece
(Interaction with Ampoient Atmosphere Only)
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2.2.3  Scattcring Duc to Collisions Between Outflow Molecules

It will be assumed for the moment that the contribution to the backscatter
flux due to collisions between individual outflow molecules is small compared
to that due to collisions with ambient atmospheric molecules, This assumption
will be shown later to be essentially true when outgassing alone is considered.
The truth of this assumption justifies the use of certain simplifying assumptions
in the derivation of the backflow due to self-scattering which would otherwise
be considered somewhat extreme, The assumptions will produce conservative
results in that the calculated values will be greater than would be the case with -
out the assumptions. In addition to the usual first-collision assumptions, it is
assumed that the outflow molecules contained in an element of volume are com-
posed of two groups, with the two groups traveling in opposite directions at
their mean thermal velocity, The collision rate per unit volume is determined
from the collisions between these two groups. In addition, it is assumed that
the scattered molecules resulting from these collisions flow outward from the

volume element with a spherically symmetrical directional distribution,

Based on the above assumptions, the coilision raie n per unit volume is
given by:
n n

i AR A (51)

where o is the cross section for collisions between outilowing moiecules.

Making use of Egs. {3) and (19) yields:

2 2
1‘1 - 2 q\-V Je-e RZ +R6 (32)
- - 2 6 ‘
\% r r
w

Now, relerring again to Fig, 3, the flux dqb of backscattercd nolecules from

coliisions in volume element dV at P and crossing surface elemcnt cAat Cis

day = 2 (33)
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Using Eq. (32) and integrating over the entire half-space outward from dA at

a point Q on the sphere surface (refer again to Fig, 1) yields:

o0
a7’
2

o (1 +2 cos¢ ?’+’F'2)

0 0 ) \
+2f dr . +/ & a8 (34
2 2

°|
o (1 +2 cosd)' T+ o (1+2 cosd F'+ T’ )

/2 [

q q, © R ' ,
b _\Le_e__f sind cos¢

qW v
w (o]

The grouping of parameters preceding the integral sign in Eq. (34) may be

considered an inverse Knudscn number characteristic of self-scattering:

w _e-e__ _ Kn-l (35)

00

dF’ 1 ¢ 1 cos¢
2T 23,72 2y (36)
o <1 + 2 cosd)’ ?'+?'2) sin sin”¢
g ’ ’ ?
dt’ 5 ¢ 5 cos ' 5 cos¢ 1 cosQ (37)
P 2 4 16 sin7¢'- 24 s'm4¢'- 16 sin6 6 sinzé'
o (l +2cos¢p T+r
0
f d7’ 63 ¢ 62 cosg _ 63 cos¢
6 ~ 256 11 7 3¢ 8 256 . 10
o (1 +2 cos¢'?’+?’2) sin” "¢ in 0 sin” "¢
21 cosd’ 9 L08¢ 1 cos ’
"160 . 6, 80 . 4 . .0 _. 2/ (38)
sin ¢ sin ¢ sin
2-20
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Using Egs, (36) through (38), Eq. (34) now becomes

71/2
9p ’ cosQ '
C—l—;, = f ¢ d¢ '_' s1n¢' ¢
/2 /2 - 7/
+_§ ¢cosQ d¢/__5_ cOs Qd‘b’__‘S_ équ
8 . 6 12 3 8 -]
& sin ¢ sin”¢
7/2 2 1/2 7r/2
Es CcO ’ 63 COg Y 63 é
- 3/ gy 49 +35% / ¢ =5 99 - 384 d¢
si sin ¢
o o
/2 2 r/Z /2
) 63 cos _ Q d¢ __ cos Qld(b’
25 .9 160 B 3y
sin ¢ n"¢
7/2
1 cos2 ’d¢' 3
10 sin (39)
o

Carrying out all of the integrals in Eq, (39) would be extremely laborious
and, considering the assumptions involved in the derivation of this equation,
rather unprofitable. For this reason, only the first term within the brackets
in Eq. (34), and, hence, the first two terms in Eq, (39), will be retained in the

following development, Carrying out the integration of these terms yields

b _ 4-7 -1
o - 4 Kne e (40)
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Section 3

APPLICATION TO SKYLAB SPACECRAFT

A typical configuration of the Skylab spacecraft, with the Apollo Tele-
scope Mount (ATM), is shown in Fig. 8. A1 equivalent size sphere would be
roughly 15 to 20 m in diameter. For purposes of this analysis, an equivalent

diameter of 20 m (or a radius of 10 m) is assumed.

The operating altitude of the Skylab spacecraft is 435 kilometers. At
this altitude, the ambient mean free path is 1.38 x 104m (Ref.3), and the cir-
cular orbit velocity is 7640 m/sec. The spacecraft surface temperature will
vary widely, ranging between about 235 and 380°K, depending upon position in
orbit and other parameters. Assuminga surface temperature of 300°K and a
molecular weight of 24, the most probable thermal velocity of the outflowing

molecules is 456 m/sec. Based on the above data, the a-nbient Knudsen number,

Kn, is 691 and the speed ratio Sy is 16.7.

The collision cross section Oc-w will vary depending on the relative
velocity between the colliding particles. This variance is reflected in the
temperature variation of viscosity., For hard sphere molecules, the viscosity
is proportional to the square root of temperature and inversely proportional , r
to the cross section (Ref.4). Conversely, the effective cross section may be ‘
considered proportional to the square root of temperature and inversely pro-

portional to viscosity. This is expressed as follows:

. =\~ b
== = (%) (41)

3-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



[PE Y

Wkagn vl

S, [ )

]
{
i
l

29.9

LMSC-HREC D306000

A
CSM
Airlock -—
Module ~ .
oo Star CSM
EVA Hatch Tracker Emer. ! )
{‘L;J l.ocation
— D j::F'— Toward
= —_——
) . El Sun
’\q
\—A'IM
33.5 e
/
— 10,2~ ( A
L-Work Shop
IR /
View A-A PR
Y \ ) )
(Dimensions in meters) |
e— (. 6 —>

Approximate External Dimensions

(W8]
¢

FOCKHEED HUNTSVILLE RESEARCH & ENGINEERING CENTER

Fig. 8 - Schematic of Typical Configuration of Skylab Spacecraft Showing



LMSC-HREC D306000

where Te_w is an effective temperature corresponding to the relative velocity

* . .
between colliding molecules, g is the cross scction at a reterence temperature
sity with temper-

-16 2
c

T*, and n is the exponent in the power-law variation of visco
*
m for o

ature. Based on molecular data in Ref. 4, a value of 43.0 x 10
= 3000K is assumed, and a value 0.8 for the exponent n.

e
at temperature T
-lécmz. The effective temper-

F rom atmospheric data in Ref. 3, o, = 41.9x 10
can be defined in a number of ways, all of which should be based

ature T
e-o0
We will define

on a proporticnality with the square of tne relative velocity.

it as follows:

= .1 M2
T _3Rgv (42)

where M is the average molecular weight of the colliding molecules and Rg
is the universal gas constant. This expression is based on the mean-square
velocity relationship to temperature for a Maxwellian gas. Te-oo is thus

found to be 50,200°K. Based on the above data, the cross section ratio oe-oo/

o is found to be 0.22.

Using the values which were obtained for Kn, Sb and oe_w/ooo. the

dimensionless factor defined by Eq. (12) is found to be 0.00665. This factor
may be considered an inverse Knudsen number Kr.li_w = R/Ae-oo characteristic

of collisions between ontflowing and ambient molecules. The characteristic )
mean-free-path )'e-oo is seen to be much greater than the sphere radius, thus

justifying the assumption of nearly free molecular flow.

Using the above results and Eq. (15), the backscatter flux at ¢ =0, due
to intcraction with the ambient atmosphere, is now found to be 0.003, or 0.3%,
of the outgas rate. If the collision cross section had been considered constant
and unaffected by the relative velocity, the cross section ratio ae__oo/cr00 = 0‘*/

o= 1.13, and the resulting backscatter flux would be 1.5% of the outgas rate.

3-3
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From Eqgs. (35) and (40) it is scen that the fractional intensity of back-
flow due to self-scattering is dependent on the outgas rate. First, assume
an outgas rate based on an estimated 30 kg/day total weight loss rate for the
Skylab spacecraft. Based on the 10 m radius for the equivalent sphere, this
amounts to an outgas rate of 2.77 x 10_8g/cm2/sec. Recall that this quantity
includes waste dumps. attitude control reaction motor firings, etc., in addition
to outgassing. This assumed value is actually about three orders of magnitude

greater than that which could be expected for simple ocutgassing.

From Eq. (35), the inverse Knudsen number Kn;}e for seli-scattering
is found to be 1.39. The characteristic mcan-frec-path, therefore, is about
0.67 of the sphere radius. This mean-free-path value is of marginally satis-
factory magnitude for the first-collision assumptions used in the analysis.
From Eq. (40), the backscatter flux due to self-scattering is found to be 0.30,
or 30%, of the outgas rate. This value is quite large, and, in view of the
lumping togciher of such contributions as waste dumps and reaction motor

firings, the question arises as to the validity of the results.

Waste dumps and reaction motor firings occur itermittently and at
rather high instantaneous pressures compared to the average, assuming a
continuous discharge. The flow regime, therefore, is actually much more
nearly continuum than free molecular, and the mass ‘low returning to the
vehicle is more likely due to direct jet impingement tharn to termolecular

collisions.

A typical outgas rate for spacecraft materials is 3.9 x 10-“ g/cmz/sec
for BBRC "one" paint, zir dried (Ref.5). For tnls outpas rate, and still
assuming M =24, Kx.x(l:_e is 2.4 x 10_3. The mean-irce-path is now about 00
times the sphere radius. This is well within the nea rly iree molecular fiow

2 is found to

=)

regime. From Eq.(40) the backscatter flux due to self-scatterin
be 0.0005, or 0.05%, of the outgas rate.

3-4
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Section 4
CONCLUDING REMARKS

The derivation of equations in this study is fairly rigorous for back-
flow due to interaction with the ambient atmosphere. Some rather extreme
simplifying assumptions were made, however, for the case of seli-scattering.
When outgassing alone is considered, the contribution to backflow due to self-
scattering is found to oec fairly small, about an order of magnitude smai .r
than that due to interaction with the ambient atmosphere. The rather extreme

simplifying assumptions for self-scattering, therefore, are found to be justified.

When all forms of mass flow from the spacecraft, including waste dumps,
reaction motor firings, etc., are averaged together into a single continuous out-
flow rate, the density of this averaged outflow is sufficiently high that self-
scattering is found !'o far overshadow interactions with the ambient atmosphere.
The simplifications made in the analysis of self-scattering, therefore, greatly
reduce the accuracy of the calculated backflow. Also, as was pointed out in the
preceding section, the primary mode of backflow onto the spacecraft from waste
dumps and reaction motor firings is probably direct jet impingement rather than

intermolecular collisions,

Considering outgassing alone, only a small fraction, ié% at most, of the
outgas products return to the spacecraft as a resuit of intermolecular collisions.
For some outgas products, even this small amount may significantly coutaminate
sensitive experiment packages. Considering the total outilow (waste dumps, re-
action motor firings, etc,), @ rather large fraction, about 30%, was estimated
to return to the spacecraft. This is certainly a significant quantity; however
questions of accuracy of the analysis, and even its applicability to waste dumps

and jets, should be considered in evaluating the results.
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FOREWORD

This document presents results of an analysis of particle

cloud buildup due to waste dumping from orbiting spacecraft,

Contract NAS8-26554, performed by Huntsville Research &

Engineering Center, Lockheed Missiles & Space Company,

Inc., for the Narional Aeronautics and Space Administration,
George C. Marshall Space Flight Center, Alabama. The MSFC

technical monitor for the contract is E E, Klingman, S&E -SSL-

PM.
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Section 1

INTRODUCTION AND SUMMARY

The expulsion of liquid wastes from an orbiting spacecraft results in
the buildup of a cloud of ice particles which orbit about the central body
(earth, moon, etc.) in much the same fashion as the spacecraft from which
they were ejected. In fact, the trajectories of these particles may be not
far removed from the orbit of the spacecraft, and some particles may even
return to the spacecraft where the orbits intersect. There are two primary
areas of concern about this cloud. One is the possibility of interference
with optical experiments by light scattering and attenuation, and the other
is the contamination of the spacecraft by those particles which eventually

return to the spacecraft and stick or condense on it.

To provide an indication of the rate of mass flow return to the space-
craft, and the mass distribution of the particle cloud, a theoretical analysis
was performed for the case of a spherical spacecraft in a circular orbit
ejecting mass uniformly in all directions at a constant rate. The expulsion
velocity was assumed identical for all particles. It was found that, neglect-
ing aerodynamic drag, the rate of return to the Skylab spacecraft is of the
order of the outgas rate of a typica’ spacecraft material. Aerodynamic drag : . "
was found to eliminate the possibility of return flow altogether for Skylab. '
The optical properties of the particle cloud were found to be not substantially
more than that predicted for an isotropic source with tae »ame expulsion rate.

Some intensification was found in directions along the sps :ecraft orbit.
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Section 2
DERIVATION OF EQUATIONS

2.1 PARTICLE ORBITS

The orbital motion of the ejected particles is determined in the follow-
ing analysis by utilizing small perturbation theory as outlined in Ref, 1. The
particle orbits are derived as perturbations from the circular orbit of the
spacecraft, Spherical polar coordinates r, © and ¢ are used, where r is the
radial distance from the center of the spacecraft orbit, 8 is the angular dis-
placement in the plane of the spacecraft orbit, and ¢ is the angular displace-
ment away from the spacecraft orbit plane, The coordinate system is illustrated
in Fig. 1. Note that ¢ is defined here somewhat differ-~atly than is customary

with polar coordinates,

The differential equations for the orbits are

F

R e e

e 2,22 2.4 Dr _
Y -rcos ¢ 87 -r¢” + +— = =0 (1)
r2 m v ;
i
N 10 d;.esinﬁ FD.Q |
6+2— -2 + - = 0 (2)
r cos¢ m v P
. F.
N r ; 2. D
¢+2;¢+6 sin¢ cos¢ +—r-n—-$- = 0 (3)

where | = yM, with ¥ the gravitational constant and M the mass ot the central

body, F. is the aerodynamic drag for.e, m is the particle mass and

D

) . <2 1/2
v = (r2+r2 coszd) 92+r262) /

is the instantaneous velocity.
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/- Particle

Central
Body \

¢ Spacecraft
Orbit Plane

Spacecraft Orbit
Direction

Fig. 1 - Illustration of Coordinate System Used in Orbit Analysis
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* Taking small perturbations of Egs. (1) and (2) about the circular spacecraft

orbit yields:

{ 2
L e F - VO .
6r + §r - 3—&r -2v_66 = 0 (4)
mv 2 o
. o r
s o
v F
o . D _
Zr—;6r+r069+ m—o (5)

where the subscript zero refers to the spacecraft orbit, and 6 denotes a
perturbation from the spacecraft orbit, Note that v and r  are constant
for circular orbits., Equation (3) requires no small perturbation analysis

since the angle ¢ is itself a small perturbation from the spacecraft orbit

(¢, = 0).

The solution of the differential equations (Egs. (3) to (5)) will require
that initial values be known at the time of particle expulsion from the space-
craft (t = 0), These initial values are listed as follows:

v, cost |

=0, 'setzo = —;—;——, 6rt___0 = v, sin{ cosn, ¢t=0 = T

Ve sinf sinp

6r (6)

t=0

where v, is the expulsion velocity, and § and 7 are spherical polar angles
describing the direction of expulsion from the spacecraft, The angles §{ and
N are defined in Fig, 2, and the initial values are shown in their relationship

to §{ and 1,

Equation (5) may be integrated to yield:

L v, ) . . FD
Z-;-o-(ﬁr- 0rt=0)+ro (60 -69t___0) +_n'Tt =0 (7)

e

With the appropriate initial values, Eq. (7) becomes:

| i

v . ¥
Z-rj-ér-!-roée—v cosl + D.o (8)

e m
[ o

2-3
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—_
v
€

6I't:0 \

N

/_ Spacecraft

N

N

To 6¢t=0

Toward Central Body

Fig. 2 - Relationship of Initial Values to Expulsion Direction
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Equations (4) and (8) are now combined to eliminate 66:

.o F . V2 Vo Ve Fp Vv,
or + 6r + 2 §r = 2 cos § -2 t (9)
mv 2 m r
. o o

Equation (9) is a rather simple linear nonhomogeneous equation with constant
coefficients which can be solved with little diificulty. Before finding the
solution, however, the order of magnitude of the terms in the equation will
be estimated. The following is a list of order of magnitude estimates

which we will use in this analysis.

6r~vT,6'r~v,5.r~v/T
e "o e e "o

2 2 3

a

where Py is the atmospheric density at orbit altitude, pp is the mass density

of the particle, dp is the effective particle diameter and To =2 rc/vo’ the

spacccraft orbit period.

For the 435 km altitude orbit corresponding to the Skylab spacecraft,

-12

Py is approximately 3.86 x 10 kg/m3, r is 6.8 x 106m and A is

7640 m/sec. The effective particle diameter is estimated from a force bal-
ance between surface tension and vapor pressure forces in a water droplet

in vacuum.

dp = 4T/pv (11)
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where T is surface tension and P, is vapor pressure. For water ncar the
freezing temperature, 7 and p, arc approximatcly 75 dynvs/cm and 6660
dym-s/(‘mz (5mm Hg), respectively. The diameter dp is thus found to be

about 0.450 mm.
The expulsion velocity Ve is probably of the order of 10 m/sec, cor-
responding to a differential pressure of about 7000 kg,/m2 (= 10 psi). The

particle density pp for water droplets is, of course, 103 kg/m3.

Based on the above results, the order of magnitude of the terms in

Eq.(9) are determined and listed as follows:
First term ~ v /T
e "o
/ -4
Second term ~ (poo/pp)(ro, dp)(ve/To) 10 (ve/To)
Third term ~ v /T
e "o
Fourth term ~ v /T
¢’ "o

(pg /P )(x /€ )

Fifth term ~ /
(v /v,)

(t/To)(ve/To)

~ 107} (t/T v /T,)

The first, third and fourth terms are seen to be of about the same order of
magnitude. The second term is clearly negligible compared to the others.

The fifth term becomes significant after a few orbit periods and progressively
increases in magnitude thereafter. Actually, particle sizes can extend down to
the micron range, thus increasing the relati e order of magnitude of the second
term. Even for a half micron size particle, however, the factor is about 0.1,

with the result thai the second term may still be safely neglected.
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Neglecting the second term, Eq. (9) is solved to yield:

F.T
______6r i 1 D o, .
| I'O(Ve7———vo) = (sing cosn + — — v )sm(21rt/To)

i FDTO (12)
[ +2 cos L[1- cos (zﬂt/'ro)] -2 v (t/To)
[ or
6T = (sin L cosn + o/7)sin (27 1)
+2cost [1-cos(2rsD)-2at (13)
where the tilde denotes normalization of ér to the characteristic dimension
[ Ty (ve/vo), and t to the orbit period To. The aerodynamic drag parameter
a 1s given by
| Fo T
a = {14)
m v
Neglecting @, the variation in particle orbit radius from the space-
[ craft orbit is illustrated in Fig. 3. For { =0, the particle orbit is tangent

to the spacecraft orbit at the point corresponding to t=012.... For
[ n = 0and ( 4 0, the particle orbit crosses the spacecraft orbit at that
point and somec other point depending on the value of {, For § = 7/2, the
other point is at t = 1/2, 3/2, 5/2,... For n # 0, the projection of the
L particle orbit on the spacecraft orbit plane behaves in the same manner as
for n -0, The effect of a is to continuously decrease the particle orbit

radius.
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=n, n=20,1,...

6r ——f

Central Body

/

ZSpacecraft Orbit
Z Particle Orbit

Fig, 3 - Variation of Particle Orbit Radius from Spacecraft Orbit
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Equation (12) may now be combined with Eq. (8) to yield

v_cos § Ft v
56 = -3 € = + 3 fr -2 ;‘_(;(sinzf cosn + a/rr)sin(Zﬂt/To)

v
4+ 4 _;9.. coSs L CcOS (ZFt/TO) (15)
o

which is (hen integrated and nondimensionalized to yield the final result for

the variation of 68:

69/(\'8/v0) = - bm (cos L)?+ 3ra ?2

- 2(sin cosny + /7)) [ 1 - cos(2r ?)] + 4 cos { sin (27 F)

e

(16)

Again neglecting a, particles cjected ahead of the spacecraft (¢ < n/2) are

seen to recede behind the spacecraft, and particles ejected behind the space-

. ot s T e

craft ({ ~ 7/2) are scen to advance ahead of the spacecraft, Particl~s ejected
normally to the spacecraft trajectory ({ = 7/2) and n ;/ * 77/2 are seen to
advance and recede over the orbit period, so that 6@ =0 at the end of orbit

periods, For { = r/2 and n = t r/2, 50 remains constant at zerao.

The variation in ¢ is found from the solution of the differential equation,
Eq.(3). This equation is nonlinear in form, however, and cannot be readily
solved, Before a solution is attempted, the order of magnitude of the :e=.ns
in the equation will be estimated to determine if the equation can be realistic-
ally simplified to a more tractable form. The following is a list of order of
magnitude estimates to be used in estimating the order of magnitude of the

various terms:
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¢ ~—, ¢ ~ < 7 6 ~—T_, r~v, (17)
(o] o]

Also, the following near-equalities will be assumed:

<

~

r, 8 -r—o, sin¢;¢, cosqS;l (¢ << 1) (18)

(e}
Q

Using these estimates, the order of raagnitude of the terms in Eq. (3) are

determined and listed as follows:

v(‘ ve 1
First term ~ " - ~ (-—)——

0 To ‘vo 2
o
ve\z Ve ‘ 1
Second term ~ (—) ~ (—-—) —_—
r v ~—l
o) o
o
vo 2 v To v 1
Third term ~ <}—) o er ~ <__e_)_2
o o Vo' T
o
FD v ve2 1
Fourth term ~ £ < a(-—-—)— !
mv_r v 2 }
c o ol T
° ;
The first and third terms are seen to be about the same order of magnitude, : -

The second term differs by the factor Vc’/"'o' and the fourth term differs by !
a (Vt_/VO)- Previous results show v._‘/v0 ~ 10-3 and o ~ lO-l. The second

and tourth terms, therefore, will be neglected., Taking into account the near-
equalitics of Eqs. (18) and dropping the second and fourth terms, Eq. (3) be-

comes:

¢+ (vo/ro)z ¢ =0 (19)

With the initial values in Eq. (6), the solution of Eq.(19) becomes:

2-10
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é/(ve/vo) -sin U sinn sin(2n T (20)

Equation (20) reveals that particles ejected from the spacecraft in a direc-
tion out of the spacecraft »rbit plane will swing back and forth across the
orbit plane, crossing the plane at times corresponding to half and whole

values of orbit periods (t = n/2, n=12,...).

2.2 RETURN MASS FLOW RATE

[

Reviewing the results of the preceding section, neglecting a, the par-

ticle position was found to coincide with the spacecraft position at the end

S — %

of whole orbit periods when § = 7/2 and at the end of half orbit periods when
! both £ =7/2and n =+ r/2. Therefore, particles ejected within two small

solid angle regions about L = r/2andn = + 7 /2 will collide with a finite
diamecter spacecraft at the end of a half orbit period, and particles :jected
within a small range of { about 7 /2 (for all T) will collide with the space-
craft at the end of a whole orbit period. Intne following paragraphs, the
range of { and n for waich collisicns occur are found, and the resulting

return mass flow rate is determined.

The distance d of the particle from the spacecraft is given by (for
d/ro <<1):

-1/2
d/roz[(ér/ro)2+692+ ¢2J‘ / (21)

By setting d equal to the spacecraft radius R (assumed spherical) at the times

of clcsest approach (t = 1/2 aad 1), the limiting range of L and n for particle

collisions with the spacecraft can be determined.
For t = 1/2, we obtain the following expression:

'ﬁ:.:(16+ 91r2)coszg+24r sin‘g cos l cosn

2-11

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC D306222

+ 16 sin2 L coszn - (5 - 9#2/116 - 16/772)02

1
+[(16 + 9ﬂ2/2)cos ¢ - (32/7r -67)sin & cosn ]al‘ /2 (22)

For the Skylab spacecraft, an effective radius R of about 10 m may be
assumed. Using the values of ro Ve and v given i3n the preceding section,
the left side of Eq. (22) takes on the value 1,12 x 10 °, This requires that,
for Eq. (22) to be satisfied, the square root of cach term under the radical

be no greater than the order 10_3. Since a is of order 10‘-1 for the Skylab
spacecraft, this implies that no particle collisions can occur. Neglecting
aerodynamic drag (@ = 0), we find that cos &L ~ cos n ~ 10-3, or L& 7/2
and n =+ 7 /2 in accordance with our previous findings. Equation (22) may
now be simplified by changing variables and using appropriate approximations
as follows:

~2

(16+97r2)A2t+24A A +16A,=R (23)

¢

[ BN 081

where 4, =7/2 - { and A"

equation of very small ellipses about ¢ = 7/2 and 7 = iTr/Z on a unit radius

=+ 7/2 - n. Equation (23) is seen to be the

sphere. The so0lid angle enclosed by these ellipses is simply their area.
From analytic geometry, the axis of the ellipse is seen to be rotated frorn the

AU axis by an angle 9 given by
Ay .. =1 o
8 = (1/2)tan """ (8/3%) = 20.17 (24)

and the two semi-axes a and b are given by

~

a = R
T 2 2 : 7 1/2
((16+97r ) cos O+ 247 sin € cos 8 + 16 sin Bi
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= 0.0917R (25)

and

R
b= z 2 7 1/2

g 3(16+ 97%)sin®0 - 247 sinBcosB+ 16 cos ei
i = 0.463R (26)
a The area and, hence, the solid angle w is
{ w=rab (27)
l which, for the two ellipses, amounts to a fraction f of the total solid angle

i given by
l f =27 ab/(4r) = (1/2)ab j
[f NZ 5

. = 0.0212R (28) .

Using the value of R found in a preceding paragraph, this fraction is found
to be 2.66 x 10_8, which is the fraction of mass flowing from the spacecraft

which will return a half o™it pericd later. :

For t =1, the distance expression (Eq.(21)) becomes

~ 4 l 2
{ R :{367r2coszg+(97r2+4) az- 367r20(cos L} /

/
:{(67rcos§ —a)z+(97r2+3)az}l/2 (29)

J——

PRSI
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As was the case for t = 1/2, the expression cannot be satisfied for the aero-
dynamic drag anticipated for the Skylab orbit, and, hence, no particle colli-
i sions are possible. Neglecting aerodynamic drag, we find that cosf ~ 10-3,
or U =7/2, again in accordance with our previous findings. With the ap-

propriate simplifications, Eq.(29) yields
i &y =t R/6n (30)

The solid angle enclosed by + A t is found by integrating as follows:

o

A
W :47rf g’cosAgdA £ =47 sinAg'_—“. 47rA§
C

= (2/3) R (31)

The fraction i of the total solid angle is
f =R/6r (32)
For the Skylab spacecraft, this fraction is found to be 5.94 x 10-5, which is

greater than the fraction for T = 1/2 by a factor of about 2000. Due to the

relative insignificance of the return flow for T = 1/2 compared to that for

T = 1, and since this fraction is included within the fraction fort =1 anyway, )
i‘ we will consider only the fraction for T=1in our analyses for return mass

flow rate. The return mass flow rate lhr can now be calculated from

= R w/6r (33)

2.3 DENSITY FIELD ANALYSIS

From the particle orbit equations derived in Section 2.1, the density

field of particles ejected from the spacecraft over a period of time can be

——
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determined, The density p at a point P and after a time t is found by carry-

ing out the following integration:

t
- N : , !
Pp ¢ = 61\71310 TV // mfg’n’t dwdt (34)
4

o}

where m is the rate of mass expulsion from the spacecraft and f dw is the
fraction of this mass which is expelled during time interval dt’ within the

solid angle dw at { and 7, and which is contained within the volume element

6V at point P after a time t| This expression includes in the density calcu-
lation mass that is moving away fron the spacecraft for the first time after
having been ejected, and mass that may have been trapped within the particle
cloud for some time., For two reasons, our primary concern in these calcu-
lations is with the latter portion of mass, First, it is easy enough to calculate
the density field for the source-like flow of mass moving away fromthe space-
craft for the first time, Second, the singular nature of the density field near
the source renders any numerical calculations meaningless where large volume
elements are used, It will be shown later that, for light scattering purposes,
the bulk of the density field of an isotropic source lies within a few source radii,
For these reasons, we will not include in the numerical calculations that por-
tion of mass in the source-like flow period of time, For a complete density
field calculation, the source-flow density, which can be easily calculated by

other means, can be added to the trapped particle density calculations, Since

the point at which the source-like flow may be considered terminated is some-
what arbitrary, we will choose a period of time in orbit of 0.3 of an orbit period
(\t': 0.3) at which to begin our calculations. From Egq. (25), particles ejected

out-of -plane reach the maximum out-of-plane displacement at t = 0.25.

From Egs. (13), (16) and (20) the maximum range of a particle in its orbit

(negleciing orbit decay) is given by:

6 A\
(—r) = +4 £ (35)
ro - VO
max
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v
e ~
66ma.x = tém v, tmax (36)
Ve
dax - iz (37)

where Tmax is the maximum number of orbit periods under consideration,
The 6r and ¢ ranges are divided into 2N equal increments and the 66 range

into 2N tmax increments to form volume elements of size:

Ve ve~ ve
8 ro\ (121 Ttk T\ (2T To Mvg/vo) © 3
AV = o 2 2 = 24y |—S2 0 (38)
2N 2Nt 2N L N

max

The number of §8 increments is made proportional to the number of orbits

t because the orbit range is proportional tot . This keeps the volume
max max
element size the same regardless of the number of orbit periods to be con-

sidered,

Next, the total solid angle (47 steradians) about the spacecraft 1s
divided into nearly equal elements., This is accomplished by first dividing
the { range from 0 to 7 into 2M equal increments AL, Then, depending on
the Al increment, the n range from 0 to 27 is divided into the appropriate
number of increments such that the solid angle element Aw enclosed by AL
and An is about the same for each A{ increment. This is illustrated in Fig. 4,

The solid angle element Awo between { = 0 and { = AL is
Aw, = 2 (1 - cosAtL) (39)

This conical-shaped element is not further divided into increments of n but
is taken as the basis for dividing the 7 range for the other elements. The

fraction c;’i:) of the total solid angle included in Awo is

2-16

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC D

U
1
3

~
™~

Fig. 4 - Division of Total Solid Angle about Spacecraft into
Approximately Equal Size Elements
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I, = = %(1 - cosAl) (40)
The sclid angle AQi included between {, =i Af{ and L = (i + 1) Al is
AQi = 21 {cos(i Af) - cos Ei+l)A§]}$ (41)

This element is further divided into Mn, equal increments of n such that the
i

resulting elements Awi are about the same size as Aw . Dividing AQi by

Mp and equating to Awo yields to the nearest integer:

1

M - Integer ‘cos(iAL) - cos [(i+l)£¥] ‘ (42)

n, 1 - cosAl

For most practical values of AL, My values are found to increase with i
i
in the sequence 3,5,7,... for the first few values of i, The fraction &: of

the total solid angle included in Aw.1 is

g . 2% cosiay) - coslasnatl (43)

i 47 2 M,'i

Recall that these values of o;"—l should be close to JO. ,
Finally, using Eqs, (13), (16) and (20), an amount of mass equal to

m At 5‘7.1 is considered to be ejected from the spacecraft at an instant of time,

and a determination is made as to the volume element in which the mass of

particles is contained at later times. This is equivalent to solving Eq. (34)

in the following fashion:

. Nt M Mﬂl
- m At L
P{{WN, = AV E i G131 K n, (44)
nt=l i=l j=1
2-18
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L4 .I ’
where i and j refer tothe { and 1 increments, respectively; i, ) and k
refer to the volume element corresponding to the ér, 58 and ¢ increments,

respectively; n. refers to the time step; and Ciji’j'k'nt = 1 or 0 depending

on whether the mass of particles from the i} solid angle element is or is not,
respectively, in the i j'k’ volume element after a time interval n, At +0,3 T,
(Recall that the time steps begin at T =0.3.) Including the expression for AV
from Eq. (38), and normalizing At to the orbit period To’ yields:

mT At
o
Py’ N, T ; 3 Z ZE coe e (45)
t (v /v)r
24” e 1\(]) o]
|

For convenience, we normalize the local density to an average density .5 for
mass ejected during a single orbit period and over the maximum range of

particles during a single orbit period,

_ m T m T
p = v v v = v 3 (46)
(8——911-) (127r'—e'r) (Z—er) 1927r(—2r)
V0 o) X vo o v0 (o] vo [0}

The final result for the normalized density expression is now

Mp.
pi’ j’k’ Nt = —T— = 8 N™ At E E E J: Ci_] ilj'kl nt (47)

ntzl i=1 j=1

A computation procedure based on Eq, (47) was programmed for the
NASA-MSFC Univac 1108 digital computer system. A listing of this program
is given in the Appendix.

2,4 COLUMN DENSITIES
The parameter of interest in light scattering by the p2r*i-i~ cloud is the

column density along a line of sight, This paramet~. is determined as follows:
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Nc = / p(s) ds (48)

r

where N is the column density and the integration is taken along the line of
sight I, In the present study, the line of sight will originate at the spacecraft
and extend out in some direction of interest beyond the outar extent of the
particle cloud, We will compare the calculated column densities for the
particle cloud with a theoretical column density N for an isotropic spherical

source of radius R, This theoretical column dens1ty is given by

o ___rr'x .. m
Ng “/ 2 dr = 3R+ (49)

where r is the radial distance out from the center of the source, Note from
Eq. (49) that the value of the integrand continuously decreases and approaches
sero as r increases, There should be some characterisiic distance R' out
from the source, therefore, within which is contained the bulk of the integral
value. By integrating out tothe limit R'and requiring the integral value to be
some fraction, say 0,9, of the total integra), we deiermine that 90% of the
column density value for an isotropic source is contained within a distance

of 10 source radii,

Normalizing the column density N in Eq. (48) to the isotropic source
column density N in Eq, (49), and normahzmg the source radius R and the
distance s alorg the line of sight to the characteristic length (v /v )r for

the particle cloud, we change Eq. (48) to the following form:

ﬁc - {ZR/ p (%) ds (50)
r

where the tilde denotes normalized values, Equation (50) niay be integrated

numerically along a line of sight originating at the spacecraft location and
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¢xtending in any direction, The computer program listed in the appendix
performs the integration in six different directions, i,e,, in the positive and
negative r, 8 and ¢ directions away from the spacecraft, The integration
procedurc uses the trapezoidal formula with the step sizes identical to that

used in forming volume elements for the density field analysis,
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Section 3

RESULTS

3.1 RETURN MASS FLOW RATE

The return mass flow rate to the Skylab spacecrait was estimated based
on the parameters determined in Section 2.2 and on an estimated total weight '
loss rate of 30 kg/'day. Neglecting aerodynamic drag, the return mass flow
rate is dete rmined from Eq. (33) to be approximately 2 x 10'8 kg/sec. (Recall
that the predicted effect of aerodynamic drag is to prevent mass return to the
Skylab.) Based on the 10 m effective radius, this is equivalent to a tlux of
about 0.7 x 10_“ g/CmZ/sec. A typical outgas rate for spacecraft materials
is 4x lO-ll g/cmz/sec for BBRC '"one'" paint, air-dried (Ref.2). The pre-
dicted return mass flow rate is seen to be of the same order of magnitude as

this outgas rate.

3.2 PARTICLE CLOUD DENSITY FIELD

The computer program based on Eq. (47) was used to calculate the norm-
alized particle density field about an orbiting spacecraft for durations in orbit
up to 10 orbit periods. The dimensionless character of the results makes them
applicable to arbitrary conditions of mass expulsion rate and orbital parameters. 5 w
Calculations were made for zero aerodynamic drag and for drag conditions cor- f
responding to that anticipated for water droplets expelled from the Skylab space- :
craft. A particle orbit decay parameter & value of 0.461 was used where drag
was considered. Equation (14) was used to calculate «, with the drag force FD -
calculated using a drag force coefficient CD of 2.2, and with the particle diameter,

atmospheric density, etc., the same as those used in Section 2.

Results of the density field calculations are shown in Figs. 5 through 12
for = time in orbit up to 10 orbit periods. The position coordinates are appro-

priately normalized for arbitrary applicability to various expuision veloc ities y /
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a = 0.461
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Fig. 10 - Particle Cloud Density Distribution in In-Plane Angular
Direction as a Function of Time in Orbit (Aerodynarnic

Drag Included)
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o = 0.461, T = 10.0

Spacecraft location
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of density
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Fig. 12 - Approximate Outline of Particle Clond Projected
onto the Spacecraft Orbit Plane (Aerodynamic

Drag Included)
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and spacccraft orbit paramecters. The mesh parameters used in these calcu-
lations were M =10 and N = 5, and the time step AT was 0.01. Recall that
these calculations do not include particles in the source-flow phase of their
trajectories (moving away from the spacecraft for the first time after having
been ejected). The density field for an isotropic source is shown separately
on the figures for comparison with the calculated results. The total density

in the particle cloud is the sum of the two densities.

The data points in Figs.5 through 8 did not show very much scatter,
and so were simply connected by straight lines to display the overall trend.
In Figs. 9 and 10, however, considerable scatter is present, and the trends
are indicated by coarsly fairing the data us ing straight-line segments. This
scatter in the data is evidently the result of numerical error stemming from
the finite coarseness of the mesh and the finite time steps. By experimenting
with the mesh and time step sizes, it was {found that the scatter could be re-
duced. The computational costs increased, however, to the point that the
increased accuracy was not economically justified. And, even with the data

scatter, the overall trends seem quite clear and reasonable.

Figures 5 and 6 show that the density distribution in the radial direction
(61-) maximizes and reaches an equilibrium after about six orbit periods for both
the zero drag and finite drag cases. Aerodynamic drag is shown in Fig. 6 to

shift the distribution toward the central body (-6r direction).

The densiiy distribution in the out-of-plane (¢) direction is shown in
Figs. 7 and 8. Symmetry in the ¢ direction is shown to be unaffected by aerody-
namic drag. The density level, however, is seen to be shifted down and smoothed
out somewhat by the effects of drag. The downward shift at the spacecraft
location is due to the overall shift of the cloud in the negative radial direction
(Fig. 6). The slight peaking toward the edge shown in Fig. 7 is probably a com-

putational aromaly caused by the finite grid mesh and time step.

3-10
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The zerc drag density distribution aloug the spacecraft orbit (66
direction) is shown in Fig. 9 to maximize and reach an equilibrium at the
spacecraft location; however, the extent of the distribution continues to ex-
pand in the positive and negative 56 directions. These observations are in
accord with the behavior of the particle orbit equations. The effect of drag,
as seen in Fig. 10, is to cause an equilibrium to be reached in the expansion
of the cloud along the spacecraft orbit. Actually, the cloud will continue to
expand, but it will simply spiral inward toward the central body and away

from the spacecraft orbit.

The particle cloud shape was found to be symmetrical in the out-of-plane,
¢, direction at all points ahead of and behind the spacecraft on the spacecraft
orbit. As shown in Fig. 11 for zero drag, however, the shape is skewed with
respect to the radial direction. Ahead of the spacecraft, the cloud shifts in-
ward in the negative radi»l direction, while behind the spacecraft, the cloud
shifts outward. Based on Egs. (35) through (37), the particle cloud about the

Skylab spacecraft (for zero drag) is found to extend, on both sides of the space-

~ craft, 35.6 km in the radial direction, 8.9 km in the out-of-plane direction and,

after 10 orbits, 1680km: along the spacecraft orbit. In the absence of drag, the
particle cloud would extend completely around the orbit and begin to overlap at

the spacecraft location after 255 orbit periods.

A portion of the cloud shape for the case of aerodynamic drag is shown

in Fig. 12. Calculations were not made beyond the lower extent shown. ;

3.3 COLUMN DENSITIES

Calculated values of column densities, normalized to the theoretical
isotropic source value, are shown in Figs. 13 and 14. A value of E =1.12 x
10-3 is used which is based on the Skylab spacecraft. These results are for
lines of sight ariginating at the spacecraft location and extending in both dire:-

tions along the r, 8 and ¢ axes. The curvature of the orbit is not taken into

3-11
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Fig. 13 - Time Variation of Column Density Along Turee Axes

(Aerodynamic Drag Neglected)
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Fig. 14 - Time Variation of Column Density Along Three Axes
(Aerodynamic Drag Included)
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account in these calculations. Also, the calculated column density values
are based on the previously discussed cloud density calculations which do not

include particles in the source flow portion of their trajectories.

Figure 13 shows that the zero drag column densities in the radial and
out-of-plane directions (r and ¢) reach an equilibrium after about five orbits.
The equilibrium values are seen to be of the order of 10_3 of the theoretical
isotropic source value. The column density in the direction along the orbit
(6) continues to increase as the cloud expands along the orbit. The curvature
of the orbit, however, which is not taken into account in these calculations,
will eventually bring about an equilibrium value in this direction also. For
the Skylab spacecraft, the maximum line of sight distance, based on the cloud
dimensions, is found to be about 2000 km. Using the maximum 5 value of
27.5 in Figs. 5,7 and 9 as the average along the line of sight, Eq. (50) yields

an estimated maximum normalized column density NC of about 0.9. The actual

value is certainly somewhat less than this estimation.

When drag is considered, the calculated column densities in all direc-
tions reach an equilibrium after about five orbits. These values are all seen

to be of the order of 10-2 to 10-3 of the theoretical isotropic source value. ;

The results of the column density calculations show that the buildup of
the particle cloud in orbit does not significantly affect column densities and, L -
hence, light scattering and attentuation effects about the spacecraft. As pointed
out in Section 2.4, the bulk of the column density for an isotropic source is con-
centrated within a few source radii, and the trapped particle cloud adds very
little to that. For the case of zero drag, the trapped particle cloud effects are

seen only within a narrow range in directions along the spacecraft orbit.

3-14
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Section 4
CONCLUSIONS AND RECOMMENDATIONS

The results of this study effort show that a particle cloud does indeed
build up about an orbiting spacecraft due to waste dumping, and a small fraction
of this mass may return to the spacecraft after times corresponding to one half
and one orbit period. The estimated return rate to the Skylab spacecraft, neg-
lecting aerodynainic drag, was found to be of the same order as the outgas rate
of a typical spacecraft material. When drag was considered, however, the
particle orbits were found to decay away from the spacecraft orbit such that

no collisions with the spacecraft were possible.

The trapped particle cloud was found to contribute very little to
light scattering and attenuation effects, as predicted by calculated column
densities, when compared with the source flow region near the spacecraft.
The bulk of the column density along a line of sight originating at the space-
craft is concentrated within a few spacecraft radii. Some intensification of

these effects, however, is found in directions tlong the spacecraft orbit.

The analysis reported herein utilized certain simplifying assumptions,
such as a uniform distribution of particle sizes and expulsion velocities, a
constant and uniform expulsion rate and spherical symmetry in the direction
of expulsion., Morzcover, the particles were not considered to evaporate or
otherwise be altered over a period of time, Future effort in this area should
include removing some of the restraints in these assumptions and possibly
considering the long -term interaction and thermal equilibrium of these par-

ticles with the ambient atmosphere.
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Appendix
COMPUTER PROGRAM
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Aggendix

The computer program used in the particle cloud analysis is listed in

the following pages.

Univac 1108 system.

z Z

TMAX
DELT
TWRT

F
FO
I

P, JP,KP i,

BEN

ME

T
COLDEN
ETA
ZETA

This program was developed for use on the NASA-MSFC

The input and output variables zre deecribed as foliows:

Input Variables

M in Cection 2.3
N in Scction 2.3
a in Section 2.1
?max in Section 2.3

At in Section 2.3

instructs program to write output
variables 2t t =n TWRT, n=1,2,...
R in Section 2.2

Output Variables

9_.‘ in Section 2.3

3; in Section 2.3

i in Section 2.3

' : K in Section 2.3
p in Section 2.3

My in Section 2.3

T in Section 2.1

N_ in Section 2.4

n in Section 2.1

¢ in Section 2.1
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PROGRAM LISTING

DIMENSION F(100) MF(100)

COMMAN T oTMAXISTeCTeEXPT1A4SZeCZeSE«CE«PIsDRDTHPHI
¥4PEN(I0010Ge10) «NeNPFTaDFLToNANIN2NP W DLDNP G DEL «NDEL Y
R I PMAX ¢ RPMIMNy THTMAXY e THTMIN JPHIMAX «PHIMIN

RIAD (R4 10 FMNN=IFOQ)IM 4N & TTMAX WDFLT e TWRT WR

WRITE(EePOIMeNATVAY NFELT«TWRTWR

EMMAT(ICE IS T 1Nga43F1Ne3 F10e4a)

FORMAT(//SXPHM=] 3¢ 2X2HN= 13 ¢ 2X2HA=F 1044 ¢ 2XSHTMAX=F 74 2+ 2XSHDEL T=
% S e D e 2XSHTWRT=FE 424 2X2HR=F10e4)

Pi=3,14173926%

TCK=TWRT D 5*¥NFELT

NP=1FIX(TMAX¥FLOAT(N))

N2N=2#N-1{

N2NP =2 ¥NP-1

MO =D xMm

N' DNP =R« N¥FLOAT(N¥*3) #DFLT

NLZ=P1/FLOAT (P*(M+1))

DUL=1e0/FLOAT(N)

NTLU=1 e I/FLOATINP)

R ™A= (FLOAT IN)=N¢S)*#DFEL

RIMIN=—-RPMAY

THTMAX=(FLOAT (NP} =NeSIHDFL J

TI{TMIN=-THTMA X

PIITMAX=RPMAYX

PIHHIMIN=-PHIMAX

CPe1=COS(DFL?)

FOSNGSX(1a0=-COST)

WRITF(6+33)FN

FORMAT( //2X HFN=F12+4)

PO 3n I=1.M

COSINI=COS(FLOAT(I+1)%¥NFL7)

X1=Cnei-COS1IP]

XP2=X1 /{2 O0%FN)

ME(T)y=IFIX’ ¢2)

MET=IFIX(X2+0eE)

[e (METoGTeME(TYIME (1) =MFT

Fel)y=X1/FLOAT(2*ME(1))

COST1=COSIP1

WRITE (Ae348)

FORMAT(//4XI1HT ¢« AX2HMFE s AXTHF/ /)

WRITF (64 ([ MELTIIWF (1) eI=1M)

FORMAT (P IR F12e4)

TEN.

N an T=14NPN

DU 4N J=1NPNP

DN an K=1N2N

PEN(TeJeK)I=0eD

TOZ2,O%PI* [

SV=SIN(TP)

CT=COS(TP)

FXPT=FXP(~A%T)

erl=Fn

Q7=0,N"

C7=1,N

_QF=N,,0N

Cr=1,.Nn

CALL POS=

C LL DNENS
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DO 2n0 1=1MP
Z=(FLOAT(1)+0eS)Y*DFLZ
[7=S1M( )

~7T=Cn_(7)

IF(TGTeMIGO TO 18N”

MEP=MF (1)

FI=F{1)

GO TH 160

Mg PP =MP~141

MEP=MF (MEPP)

Fl=F (MFPP)

DELEF=240%P1 /FLOAT(MEPR)

DY 200 J=1MEP
E=(FLOAT(J)=0=)YRDFLF
Qr=SIN(F)

CF=CNnS](FE)

CulL POS

callL DFNS

F1=Fn

2=0e¢N

CZ2=-1eN

Q=040

CE=1,N0

CALL POS

CALL DENS

IF(TSLT«eTCKIGO TO 400
TIK=TCK+TWRT

WOITF (K 2850)T
FORMAT(/ /1 0OX2HT=F8B,2)
DY 3N JP=z=1 (N2NE

wWRITE (64251 JUP
FORMAT(/SX3HIP=1/)
DO 3NN KP=1 ¢N2N
WRITEF(6s301)Y(DEN(IP«JPKP) ¢ IP=1+N2N)
FURMAT(10OF!12,4)
CHP 2R 7240 /FLOAT(N)
C'=CxhsOI¥P]
COALNFN=C1/24OXNDENINGNP ¢N)
NP =NP+1
NO ANNH J=NPP N2NP
COLNEN=COLDFN4+C1%¥NDFN(N4J-N)
WRITF (6602 )YCOLDFN
FORMAT(//SXAHZFTA=N ¢ 2XTHCOLNDFEN=F 12,44)
CCLNDEN=C1 /2. N¥NENI(N«NP 4N
NPP =NP =1
NY 610 J=1NPP
CULNDFN=COLDEN+C1 #DFEN(NsJoN)
WrITE(6:¢612)COLDFM
FTRMAT(//5X12HZETA=180 NDFG«2X7THCOLDEN=F12e4)
Cl1=a,0*%C

COLNEN=C1/2 OXDEN(N GNP N
NP =N+ §

NY 620 1=NPPN2N
COLNEN=COLDFN+CI#NDFN( 1 ¢NP+N)
W TE (64622 )COLDFN
FURMAT(//SX1THZFETA=Q0 DFGsFTA=0+2XTHCOLNEN=F1244)
COLNEN=C1 /2 ¢ NEDFN(NINP ¢ N

NPP =N1= | 6-3
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DN 6720 =1 NPP
COLDFAEN=COLDEN+CIX¥DFEN( T 4 NP o N)
WOITEF (64632, COLDFN
FORMAT(//BXPAHZFTA=90 DFG«FTA=180 TrGe2XTHCOLDEN=E12¢4)
CUDEN=C /P DHNDFN (N NP oN)
NIP =n14 ]
NO 640 K=NPP N2N
CULDEN=COLDEN+CHDEN (N NP K)
WNITE(6.642)YCOLDFN
FORMAT( //5X22HZETA=90 DFEGETA=90 DFEG+2X7HCOLDEN=E1244)
COLDEN=C/2 4 O*DEN(N NP «N)
NP =N
DO 68N K=x1 NPP
COLDEN=COLDFMN+C*NEN (N NP K)
WRITE (64652 )COLDFN
FORMAT(//5X23HZETA=90 DFG«ETA=27C DEG«2XTHCOLDEN=F12+4)
T=T+NFLT
IF(TeLTeTMAX) GO TO 100
STOP
FnD

SUBRAUTINFE POS

COMMAON TeTMAXsSTeCTsEXPTeAeSZeCZrSECE+P] «DRsDTHPHI
%£4DEN(IO0¢100410) s MINP«FT«DELT«N2NIN2NP «DLDNPWDELCELY
2o PMAX s RPMIN THTMAX « THTMIN «PHIMAX s PHIMIN

DR=0 ¢ PH*((SZRCEH+A/PIIXST42eNAC7# (1 eN=CT)I=P e OXAXT)

¥ (1=CT)=RPeN*C7*ST)
PHI=eZ7#SE*ST
RETUPN

END

SHBRAUTINF NDFENS

CIMMAN TeTMAX ST sCTIFXPTeAISZeCZsSEWCE«PIDReDTHePHI
% 4sDENCINI100410) e NeNPeF T eDFLTeN2NN2NP «DLDNP +DEL «DFLJ
#RPMAXsRPMIN, THTMAX « THTMIN PHIMAX s PHIMIN
LNGIcAL L14L24L3

LITND eGTeRPMAX «OReNReLTeRPMIN

LP=DTHe GCTa THTMAX OR e NDTHe LT« THTMIN

LA3SPH] o GTePHIMAX (NRePHT s LT «PHIMIN

1F (L1 eORGL2ORLIGO TO 100

TAKP=TMAY=N S*¥NFLT

I (TGTeTCKPYIGO 10 S

=1 IXCT)+1

NET1I=NP=-N*TT+1

NTT2=NP+N* I T=1

GLu T 8

NYT1=1

NIT2=N2NP

CONT INUF

DO 1IN T =1«N2N

RP=(FILLOAT(I=N)+0,5)Y*DFL

IF(DR«CTRPY GO TO 10

1P=1

60 TO 15

CONT INUF

N0 2A JU=SNITIWNIT?
THP=(FLOAT(J=NP)Y+N &) ¥NFLJ
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IF(DTHeGTTHP)IGO TO 20
M=y
GU To 25
COANT INUE
PO 30 K =1+N2N
PHIP= (FLOAT(K=N)4Ne5) *¥NFL
I (PHT«GT«PHIP)IGO TO 30
KP=K
GO To 135
CONT INUE
DEN( 1P 4 JPKP) =DEN( 1P JP+KP)I+NLONP*F]
CONTINUE
RE TUBRN
gD
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